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Abstract

Fossil fuels are facing various challenges, such as global warming and depletion of fossil energy sources. Fortunately,
hydrogen energy can be a green energy source for sustainable development. Hydrogen production from electrolytic water is
one of the most efficient methods in the hydrogen energy industry; however, the realization of an efficient electrochemical
oxygen evolution reaction (OER) is the key to hydrogen production from electrolytic water. As a result, developing noble
metal-free electrocatalysts with high activity and alkaline stability is critical. This article gives a focused evaluation of the
most recent highly active oxygen evolution catalysts in this new research field. The mechanism of the OER catalyst in an
alkaline environment is discussed first, followed by the fundamental needs of catalysts for the oxygen evolution process.
Then, contemporary researchers’ design alternatives for enhancing OER active materials are explored, as well as new devel-
opments and discoveries of current advanced noble metal-free active materials. Finally, the problems and future prospects
for developing efficient catalyst systems for industrial applications are discussed. Future research directions are also pointed

out for the preparation of resource-rich emerging nonprecious metal OER electrocatalysts in alkaline environments.
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Introduction

Nowadays, fossil energy and the global environmental cri-
sis necessitate the exploration and developing of alterna-
tive energy sources and economic storage solutions, such
as solar, wind and hydrogen energy [1]. Among various
solutions, splitting of water to hydrogen energy has aroused
enthusiastic attention due to its high efficiency and envi-
ronmental friendliness [2—4]. Water splitting process con-
sists of two half-reactions, the oxygen evolution reaction
(OER, 2H,0 — 0, +4H* +4e7) and the hydrogen evolu-
tion reaction (HER, 2H* +2e¢~ — H,). Both OER and
HER are kinetic multistep processes that require additional
energy to overcome the activation barrier. The OER is a
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four-electron transfer mechanism, and requires larger over-
potential than HER to deliver an appreciable current, which
limits the entire water decomposition (OWS) process [5, 6].
As a result, it is critical to investigate highly catalytically
active oxygen evolution materials and to assess electrocata-
lyst performance by overpotential at a current density of
10 mA cm™2.

Electrochemical hydrolysis is often carried out in alka-
line or acidic electrolytes. Alkali conditions result in quicker
ion transport between the cathode and anode, as well as
faster hydrogen generation via reaction kinetics. Noble
metal catalysts such as RuO,, Pt, IrO,, and noble metal-
based compounds [7-9] are usually used as the bench-
mark OER catalysts in alkaline media, but the high cost
and poor stability seriously limit their wide applications.
Therefore, substantial efforts have been devoted to seeking
cost-effective, abundant, and efficient OER catalysts OER.
Most nonprecious metal reactive compounds, such as cobalt-
based sulfides and selenide films, work well in neutral to
alkaline environments [10]. Interestingly, several transition
metal-based materials have approached or even surpassed
the electrocatalytic performance of precious metals in the
development of sophisticated nonprecious metal materials to
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maximize the catalytic performance of their OER or bifunc-
tional catalysts [11, 12]. For example, some Ni-, Co-, and
Fe-based nanomaterials have been used as super catalysts
for OER [13-15]. Layered double hydroxides (LDHs) of
Ni-Fe-based oxides and (oxygen) hydroxides are considered
as materials with high catalytic activity potential for OER
[16—18]. In addition, carbon-based materials with metallic
properties, nonprecious nitrogen compounds, sulfides, and
metal-organic framework (MOF) derivatives exhibit excel-
lent OER performance under alkaline conditions [19-21].
Thus far, OER catalysts with refined structure and mor-
phologies (nanosheets, nanorods, nanoparticles) have been
proven practical. In addition, designing electronic structure
reconstruction of catalysts (defects, vacancies) or doping
elements can effectively improve the catalytic activity of
catalysts. On this basis, potential catalyst design and perfor-
mance optimization methodologies for guiding the synthesis
of alkali-resistant materials with high catalytic activity and
stability may be created [22-25].

The current state of research on oxygen-resistant catalytic
materials in alkali is reviewed in this paper. The fundamental
concepts of OER are discussed first, including the reaction
process, physicochemical property requirements, and design
suggestions for oxygen precipitation catalysts in bases. This
is critical for comprehending the relevant catalytic activ-
ity. Then, case studies of nonprecious metal oxides, MOFs,
nitrides, sulfides, hydroxides, and the newly developing
high-entropy materials catalysis are shown to illustrate the
benefits of various types of compounds in the field of OER.
Finally, major difficulties confronting the development of
noble metal-free electrocatalysts for OER in alkaline solu-
tions are highlighted, presenting insight into future research.
We expect that the information presented here will assist to
pave the way for future research on noble metal-free elec-
trocatalysts for OER in alkaline solutions.

OER catalyst in alkaline environment
Reaction mechanism

Figure 1 [6] depicts a widely accepted mechanism for the
oxygen evolution reaction at the anode electrode, and it was
discovered that its intermediates are identical under alkaline
or acidic conditions. Most of the mechanisms proposed by
researchers involve the same intermediates, such as M-OH,
M-0, and M-OOH, where M denotes the material surface
metal. As shown in Fig. 1, one is a green route that forms O,
in direct succession via 2 M-0, and the other involves the
generation of an M-OOH intermediate, which subsequently
decays to O, (the black route in Fig. 1). Despite some differ-
ences, the bonding (M—O) between the OER intermediates
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Fig.1 The OER mechanism for acid (blue line) and alkaline (red line)
conditions. The black line indicates that the oxygen evolution involves
the formation of a peroxide (M—OOH) intermediate (black line) while
another route for direct reaction of two adjacent oxo (M-O) interme-
diates (green) to produce oxygen is possible as well. Reproduced
with permission from Ref. [6]

(M-OH, M-0, M-OOH) is generally considered to be criti-
cal to the overall electrocatalytic performance.

Under alkaline conditions, the OER process involves the
electron transfer processes of multiple intermediates, as
described by the following equations [26]:

OH + x— HO" + e (D
HO* + OH™ —» O* + H,0 + ¢ )
O* + OH™ - HOO" + ¢ 3)
HOO* + OH™ —* +0, + H,0 +¢ 4)

where * represents the active spot on the catalyst’s sur-
face. In the first step, OH™ is directly adsorbed on the cata-
lyst surface in alkaline medium to form intermediate product
OH*; in the second step, OH™ combines with intermediate
product OH* to form H,0O molecule and substable interme-
diate O*; in the third step, O* combines with OH™ directly
to form HOO*; and finally, HOO* combines with OH- to
release O,.

It is demonstrated that the OER process is a multistep
single electron transfer process from the above reaction
mechanism. The intermediates O* and O* in OER cannot be
directly combined to generate O,, and its generation directly
depends to a large extent on the activation energy between
the OER intermediate and the catalyst surface. So, each
intermediate is produced with a certain amount of energy
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from outside. As a result, we aim to find the optimum cata-
lyst with strong OER activity that can give both HO * and
HOO x*in the reaction process. However, the simultaneous
binding of catalysts to HO % and HOO s a difficult topic
of current study since it is difficult to accomplish merely by
regulating the catalytic surface [27]. The activity of RuO,
is theoretically anticipated based on the binding energy of
the chemical intermediate and the catalyst, and it is near the
top of the volcano (Fig. 2a). Besides, the computed results
correspond with the actual data (10 mA cm™ overpotential)
(Fig. 2b), demonstrating the rationality and universality of
the model. Clearly, thermochemical analysis based on den-
sity generalized theory (DFT) calculations allow the pre-
diction of the trend of OER catalytic activity and aid in the
creation of new sophisticated OER catalysts [28].

Design strategy of nanostructured electrocatalysts

We can create nonprecious metal compounds by selecting
elements from the periodic table that can quickly evolve
oxygen in alkaline high oxidation potential situations (car-
bon, nitrogen, phosphorus, sulfur, hydrogen, oxygen, cobalt,
manganese, lead, iron, titanium, tin, nickel, antimony) in
order to further improve the catalytic performance of the
above compounds. In addition, another factor to consider
is electrical conductivity, which plays an important role in
electrocatalysis. The high conductivity ensures a fast elec-
tron transfer process, which can greatly improve energy
conversion efficiency by reducing the overpotential caused
by the catalyst—electrolyte and catalyst—electrode interfaces’
Schottky barrier [29-31].

Therefore, we measure the conductivity of the catalyst
to see if the conductivity affects the measured OER activ-
ity. For the powdery solid catalyst, conductivity can be
measured in dry pressed particles or powder compression
chambers [32]. However, considering that many catalysts
recombine dynamically under OER conditions, out-of-field

conductivity measurements are insufficient. In situ meas-
urements of conductivity at electrolyte and OER-associated
potentials can be made using interdigitated array microelec-
trodes (IDAs). Steady-state in situ film conductivity meas-
urements are made by applying a constant potential offset
of 10 mV between two IDA working electrodes (WE1 and
WE?2) while WEI is held constant relative to the reference
electrode for 2-5 min until the measurement current stabi-
lizes. In this dual working electrode conductivity experi-
ment, the current measured at each working electrode can
be described as the sum of the Faraday and transmembrane
conductive components:

IWEl = IOERI + Icatl + Icond (5)

IWEZ = IOERZ + Icat2 - Icond (6)

where Iy, and Iy, are the total current measured at
each working electrode, /gy is the current from OER, [,
is the current from catalyst oxidation, and /4 is the trans-
membrane conductivity current. Because the working elec-
trode is symmetric, Iogr; & Iogr, and I, = I.,,. Therefore,
LIywg — Iwey = 21 4. The effective catalyst film conductivity

o is estimated by the formula below:

C

_ / ondW
% = NidAV

(N

where w is the IDA gap spacing, N is the number of elec-
trodes (here N=130), [ is the length of each electrode, d
is the thickness of the film, and AV is the voltage offset
between WE1 and WE2 (here AV=10mV) [33].

In the next sections, we will discuss several strategies,
including chemical doping, defect (vacancy) engineering,
phase engineering, facet engineering, and structural engi-
neering, to improve OER catalytic performance (Fig. 3).

The OER always takes place on the surface of the elec-
trode, and even if an inert material is employed as the

Fig.2 Volcano-shaped activ- (a) 0.0 T T

ity plot of the OER for a

oxides and b perovskites. The

negative thermodynamically 05 -

calculated overpotential was

plotted against the difference

between the energy states of S 1.0 -

*HO and.*O, AG?)* - AG%H*‘ ~

Reproduced with permission =

from Ref. [27] A5
20 -
-2.5

T (b) 00— T T T T

-0.5
-1.0

-1.5

Mwe IV

-2.0

-25

3.0 | | | 1

-1 0 1 2 3 4
AGY. — AGPo- eV

@ Springer



lonics (2023) 29:9-32

performance
OER catalysts
in alkaline
solution

Metal hydroxides/
oxyhydroxides

Facet Engineering

Fig.3 Scheme showing the main physicochemical feature require-
ments and implementation approaches for a high-performance OER
electrocatalyst in alkaline solution

anode, an oxide layer is always generated on the surface of
the potential region where oxygen precipitates in the OER.
However, the development of oxides on the anode always has
an impact on the OER mechanism and the electrocatalytic
activity of the catalyst. Fortunately, modifying the interfa-
cial properties of the catalyst to obtain the superhydropho-
bic (hydrophilic) materials provides an efficient way [34].
On one hand, with bubbles highly deposited on the elec-
trode materials’ surface during the OER process, the elec-
tron transfer efficiency will be reduced. Superhydrophobic
(superhydrophilic) materials, on the other hand, can reduce
bubble stickiness and attachment time on the materials’ sur-
face, allowing for the quick release of OER-generated bub-
bles [35, 36]. Electrodeposition techniques, hydrothermal
processes, and high-temperature vapor-phase growth have
all been demonstrated to be useful in obtaining superhydro-
phobic (superhydrophobic) materials [37-39]. It is worth
mentioning that achieving high roughness by adjusting the
pore size and surface area of nanoarray-structured materials
is a significant aspect of creating superhydrophobic (supe-
rhydrophobic) surfaces [40]. In addition, while being used,
catalysts undergo surface reconfiguration, which could pre-
sent another potential for catalytic materials. Therefore, sur-
face pre-reconfiguration is a method for increasing the cata-
lytic activity of catalysts. Although we do understand some
aspects of catalyst surface regeneration, it is still unclear
what function it serves. Zhao et al. [41] discovered that dur-
ing low-voltage discharge, the catalyst creates new oxygen
vacancies. These in situ created vacancies can enhance the
surface electron configuration for intermediate adsorption,
hence increasing reaction kinetics. In addition, as a result
of the discharge process’s accelerated mass transfer, there
are more active sites. Wu et al. [42] found that defects on
the catalyst surface are gradually disordered as the applied
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voltage increases, and when the voltage is high enough, oxy-
gen is produced and other localized objects are generated.

The electrical structure of the material may be switched
from normal semiconductor to metallic qualities by add-
ing defects (vacancies), allowing the materials to acquire
more electrons and achieve better electrocatalytic capabili-
ties [43, 44]. The design of oxygen vacancies was shown
to be beneficial in modulating the material’s adsorption
energy to water and obtaining the H adsorption minimum
near 0 eV [45]. The defect (vacancy) design methods for
materials are low-temperature plasma techniques, hydrother-
mal methods, etc. Among them, the low-temperature plasma
technique is an efficient and controllable method to create
vacancies in materials and improve their catalytic proper-
ties. This technique is able to change the electronic struc-
ture and produce more defects, thus increasing the active
centers. It is important for us to study the mechanism of
defect (vacancy) generation and its enhancement of the per-
formance of electrochemistry.

A series of rare earth-rich transition metal-based materi-
als (including oxides, sulfides, nitrides, borides, and phos-
phides) can be doped with heteroatoms by chemical doping
[46-48], which are doped mainly to improve the electro-
chemical performance through energy-level hybridization
between the dopant and the original catalyst. It has been
found that chemical doping involves energy band engineer-
ing, d-band center, valence and charge redistribution of the
active site, and optimization of the formation energy of the
intermediates, which favor the precipitation of the decom-
position gas of H,O. Compared to metal doping, nonmetal
doping would be more stable and effective and could better
optimize the catalyst matrix to achieve hydrolysis [26, 49].

Modulation of the specific surface area [50, 51] and parti-
cle size [52] of the electrode is also a very effective scheme
to obtain efficient oxygen evolution electrodes. Generally,
by modulating the surface area and particle size of the
material, small planar structures with more visible defects
can be obtained, such as vacancies, edge positions, lattice
defects, and other defects, which can provide more active
sites for electrocatalysis in the materials we prepare [53].
Nanostructured materials with a high specific surface area
can provide more active sites to contact during electrolysis
of water compared to bulk materials with smooth surfaces.
Furthermore, this can promote the adequate transportation
of reactants and products. These properties are reflected in
the high catalytic activity of the material [54]. After exten-
sive research, researchers have prepared nanostructures with
different shapes, such as nanopores, nanosheets, and nanow-
ires [55]. Nanoporous materials and nanosheet structures are
mainly shown to provide more active sites and ensure effec-
tive electron transport during the reaction. Nanotube struc-
tures facilitate electron and ion transport because of their
one-dimensional (1D) structures, their tubular geometry
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provides enough internal free space to accommodate large
volume changes, and their large surface area maximizes the
contact between the electrode and electrolyte [56].

The catalytic properties of catalysts with different crys-
tal forms are also different [57]. For example, a-PbO, has
smaller grain size and distortion, and -PbO, has good cor-
rosion resistance and conductivity [58]. When compared to
the 2H phase, TMS in metal 1 T or metal monoclinic 1 T’
has superior charge transport capacity [44]. In experiments,
the crystal structure of metal atoms is often modulated by
tuning their chemical bonds [59], and the catalytic proper-
ties corresponding to different crystal structures are used
to prepare excellent OER catalysts, promoting electrode
kinetic electrocatalysts, increasing catalytic active sites, and
improving corrosion resistance.

Various nonprecious metal electrocatalytic
oxygen precipitation catalysts

Currently, research on low-cost catalyst materials is the
focus of water electrolysis for hydrogen production. In this
chapter, we primarily review the recent progress of OER
nonprecious metal-based materials in alkaline media. Fur-
thermore, composite compounds made of mixed metal car-
bides, borides, nitrides, sulfides, or phosphides were created
to boost their effectiveness as catalysts. These composites
not only outperform pure metals in terms of corrosion resist-
ance, but also perform at a cheaper cost in terms of electrical
conductivity and long-term stability. As a result, utilizing
these materials as carriers or directly as electrocatalysts
results in improved activity and stability. As indicated in

Table 1 The previously reported catalytic performance of nonprecious metal electrocatalysts for OER in alkaline conditions was compared

Catalyst/substrate Key strategy Electrolyte @298 K Loading n for OER (mV  Tafel slope Ref
(mg.cm‘z) @ mA.cm™2) (mV.dec™)
C0;0,/N-rmGO Metal oxides 1 M KOH 0.24 154 @ 10 67 [60]
Co;0, 0.1 M KOH \ 153 @ 10 68 [61]
P-Co;0, 1 M KOH \ 280 @ 10 51.6 [49]
0-Co;0, 1 M KOH \ 145 @ 10 49.1 [62]
Ni/NiO 1 M KOH \ 382 @ 100 103 [63]
NS-MnO, 1 M KOH \ 138 @ 10 40 [52]
WO,/CC 1 M KOH 280 @ 10 82 [64]
BiFeO, 1 M NaOH \ 123 @ 0.16 \ [65]
GaFeO, 0.1 M KOH \ 390 @ 10 \ [58]
Lag 551y sCo05_ 0.1 M KOH \ 148 @ start \ [59]
NF@NC-CoFe,0,/C NRAs MOF-derived carbon- 1 M KOH 1.03 145 @ 10 45 [66]
CoFe,0,/C@CP based materials 1 M KOH \ 150 @ 10 70 [67]
Fe,Ni MOF/NF 1 M KOH \ 222 @ 10 42.39 [68]
Ti,C,Tx-CoBDC 0.1 M KOH 0.21 164 @ 10 48.2 [69]
Fe/Ni, ,/Mn,, ,-MIL-53 1 M KOH 0.51 236 @ 20 522 [70]
Co, 56Fe 1oNi 45-btca 1 M KOH \ 292 @ 10 72.6 [71]
Ni-UMOFNs 1 M KOH 0.2 250 @ 10 103 [72]
Ni-MOF@Fe-MOF 1 M KOH 0.2 265 @ 10 82 [73]
CoN/NF Metal nitrides 1 M KOH \ 290 @ 10 70 [74]
Nifoam @Ni-Ni, ,Mo, ¢ N 1 M KOH \ 218 @ 10 55 [75]
NiCo,N-NF 1 M KOH \ 149 @ 10 65 [76]
Co;FeNx 1 M KOH \ 222 @ 20 46 [77]
Ni-Fe-MoN 1 M KOH \ 228 @ 100 41 [78]
Cu;N@CoNiCHs@CF 1 M KOH \ 155 @ 10 96 [79]
MoS,/NiS, Metal sulfides 1 M KOH \ 278 @ 10 91.7 [80]
MoS, 1 M KOH \ 276 @ 10 81 [67]
Ni, gFeS, ;o(OH)4 4 0.1 M KOH \ 162 @ 10 53 [81]
Co, 4Ni(OH); ,@Co, ¢NiS;, ,(OH), ¢ 0.1 M KOH \ 274 @ 10 45 [69]
NiTe/NiS 1 M KOH 1.5 209 @ 10 49 [70]
NiFe/NF Metal hydroxides 0.1 M KOH 0.032 270 @ 20 33 [82]
NiFe LDH@NiCoP/NF 1 M KOH \ 157 @ 10 48.6 [83]
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Table 1, great progress has been achieved in the investiga-
tion of nonprecious metal catalysts for alkaline conditions
and efficient water electrolysis during the previous decade.

Nonprecious metal oxide catalysts

Researchers have extensively investigated non-noble metal
oxides as alternatives to noble metal-based electrocatalysts
for efficient electrochemical hydrolysis due to their avail-
ability, low cost, and excellent electrochemical properties. In
the field of catalysis, Co is a typical representative because
the electrochemical activity of Co;0, is extremely close to
that of the noble metal oxide RuO,, which Co;0, has very
superior electrochemical characteristics, as seen in the vol-
cano diagram in Fig. 2 [84]. As a result, cobalt oxide cata-
lysts are regarded as one of the most promising alternatives
to noble metal catalysts, and this research focuses on their
OER features as well. The electrocatalytic activity of cobalt
oxide is primarily determined by its specific surface area
and electronic state. Cobalt oxide lumpy materials have low
conductivity and specific surface area, resulting in less-than-
satisfactory OER performance. Zhao et al. [85] prepared
Ce doped Ni-S @NiMoO, micropillar composites (CeNiS @
NiMoO,/NF) on nickel foam by a two-step hydrothermal-
electrodeposition method, and the modified materials have
excellent OER properties with ultra-low overpotential. Liang
et al. produced Co;0, nanocrystals on graphene oxide and
dramatically enhanced their OER performance by vary-
ing the grain size [60]. Xu et al. [61] first electrodeposited
Co(OH), on titanium flakes, then obtained Co;0, nanosheets
by calcination, and finally etched Co;0, nanosheets with
argon plasma to generate effective Co;0,-based OER elec-
trocatalysts with oxygen vacancies and a high surface area.
By etching with argon plasma, rough, discontinuous, and
loose surfaces were observed, as illustrated in Fig. 4a and
b, where linked Co;0, nanoparticles were detected. The
specific surface area of the Co;0,-based OER electro-
catalyst was dramatically enhanced. The XPS results of
plasma-etched Co;0, nanosheets in Fig. 4c—f show that the
Co?*/Co** ratio changed, increasing the number of oxygen
vacancies while changing the electronic state of Co;0,; in
Fig. 4g and h, the OER performance was greatly improved
in 0.1 M NaOH solution, whereas the original Co;0,
nanosheets required a potential of 1.77 V with respect to
reversible hydrogen electrode (RHE). The plasma-sculpted
Co;0, nanosheets have a Tafel slope of 68 mV dec™' and
their overpotential is just 1.53 V.

Plasma treatment of the material’s surface can not only
produce morphology and oxygen vacancies with high
specific surface area, but it can also dope elements into
the oxygen vacancies without affecting the material’s
crystal structure. Xiao et al. [86] employed Ar plasma
to treat Co;0, with P precursors, allowing P atoms to
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enter the oxygen vacancies created in situ by Co;0, to
produce effective OER electrocatalysts. The TEM and
EXAFS oscillations show that P-Co;0, is mostly spi-
nel type, indicating that the doping of P did not disrupt
its spinel structure (Fig. 5a, b). The oscillation inten-
sity in Fig. 5c illustrates the distribution of the material
atoms, and the oscillation intensity of porous nanosheets
exposed to plasma bombardment is lower than that of bulk
nanosheets, suggesting that there are more atoms and dis-
order on the material surface after plasma bombardment.
The XAS results (Fig. 5d) reveal that the Co** (T d) site
dominates the catalytic performance of P-Co;0,. In addi-
tion, the coordination number of P-Co;0, is nearly iden-
tical to that of pristine Co;0, and that Ar plasma-treated
cavities may efficiently fill the P. At a current density of
10 mA cm™2, the overpotential of the OER of P-Co;0,
is 280 mV, showing that it has strong catalytic activity
(Fig. 5e). The hydrothermal reduction process, in addition
to the plasma technique, may be used to prepare the devel-
opment of extremely defective nanosheet Co;0, materials
and it has an overpotential of 220 mV for OER at a current
density of 10 mA cm~2 [62].

Aside from Co;0,4, numerous other oxides have excel-
lent electrocatalytic properties, including NiO [63], MnO,
[87], WO, [64], and ABO; [65]. However, the catalytic capa-
bilities of single-metal oxides are insufficient. Multimetal
oxides have been designed to synergistically regulate the
electronic structure and address the low conductivity issue to
further improve catalytic performance. Due to the desirable
electronic structure with plentiful active sites, nickel- and
cobalt-based oxides doped with additional transition/alkaline
elements such as Fe, Zn, and Cu have shown increased cata-
lytic activity in comparison to monometallic oxides [88-90].
OER catalysts of chalcogenide oxides with ABOj structures
(LaFeO;, CaFeOs;, SrFeO;) have been widely investigated.
Because of their adjustable features, including composition
and electronic structure, chalcogenide oxides are commonly
utilized in OER catalysis. Here, A is an alkali and/or rare
earth metal, while B is a transition metal. B is located at the
center of the octahedra, each octahedron is interconnected
by shared corners to form the skeleton of the structure, and
A can fill the open space [6, 91]. However, both chalcoge-
nide and conventional oxide catalysts have low electrical
conductivity and specific surface area. To address this issue,
Liu et al. [92] prepared graded mesoporous/macroporous
chalcogenide La, 5Sr; sCoO;_, (HPN-LSC) nanotubes by
electrostatic spinning and annealing to increase their specific
surface area, thereby significantly improving OER perfor-
mance (Fig. 6a, b). To summarize, porous micro- and nano-
structures can improve their specific surface area, allowing
their catalytic activity to be fully used and compensating
for their low charge transfer rate during electrocatalysis. In
addition, Zhu et al. [93] highlight a new halogen-chlorine
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(Cl)-anion doping strategy to boost the OER activity of per-
ovskite oxides.

MOF-derived carbon-based materials for OER

Carbon materials provide excellent OER catalytic charac-
teristics and have been utilized for decades in OER. They
are, however, easily oxidized during labor, causing their
own structure to disintegrate [94]. MOF-derived carbon
compounds are a new kind of crystalline porous materials
created by connecting metal ions or clusters with organic
linkers [95-97]. They have an open crystal structure, extraor-
dinarily high porosity, structural flexibility, and adjustability.
Furthermore, they may supply a large number of active sites
while ensuring high-speed electron transport, and it is now

Binding Energy (eV)

Log [i (mA/em?))

and plasma-engraved Co;0, (e). g The polarization curves of OER on
pristine Co;0, (0 s) and the plasma-engraved Co;0, (120 s). h Tafel
plots. Reproduced with permission from Ref. [61]

recognized as an OER material with high catalytic activ-
ity in the field of electrolytic water following considerable
study and investigation [98—101]. Zn-based MOFs are one
of the most frequently utilized precursors, but their stability
performance is poor. Therefore, researchers have employed
atomic doping [102] and controlled modular structure crea-
tion [103] to increase their catalytic activity and stability.
MOFs are becoming increasingly used as catalysts; never-
theless, cobalt-based MOF materials for electrolytic water
fields have received the greatest attention [104]. Although
Co oxide-based electrocatalysts perform well in the OER,
their poor conductivity and proclivity to agglomerate in
alkaline environments make them unsatisfactory for com-
mercial applications. Fortunately, it appears that the usage
of MOFs as template predecessors can alleviate some of
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Fig.5 a, b TEM images of
P-Co50, at low and high resolu-
tion; ¢ Co K-edge XANES
spectra of pristine Co;0,4, VO-
Co;0,, and P-Co;0,. The top
inset shows the magnification of
the main peak region. Bottom
insets show the magnifica-

tion of the prepeak region; d
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these issues. To summarize, this approach prepares MOF-
derived bimetallic electrocatalysts with tunable microstruc-
tures, compatibility with numerous metal ions, and the abil-
ity to achieve uniform dispersion of the produced carbon
[105-107].

By one-step pyrolysis of polyaniline films with bimetallic
organic frameworks, Lu et al. [66] created a hybrid NF@
NC-CoFe,0,/C NRA (Fig. 7a). It saves time and energy
over traditional, sophisticated metal oxide/carbon compos-
ite production processes. These porous CoFe,0,/C NRAs
show considerable OER catalytic activity and outstanding
long-term stability when grown directly on 3D conducting
NF substrates. TEM (Fig. 7b) revealed that the nanorods
were made up of porous nanoparticles (NPs) due to their
enormous surface area, low density, kinetically beneficial
open structure, and surface permeability. Furthermore,
CoFe,0, NPs are clad with an amorphous carbon layer,
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which boosts electrical conductivity while limiting dis-
solution and agglomeration. CoFe,O, NPs are covered by
an amorphous carbon cladding layer, which increases the
electrical conductivity while also inhibiting their dissolution
and agglomeration. The presence of the CoFe,0, crystal-
line phase can be clearly seen by HRTEM (Fig. 7b), and the
presence of CoFe,0, crystals is also demonstrated by XRD
(Fig. 7¢). At 10 mA cm™2, the electrochemical activity test
revealed a minimum overpotential of 240 mV and a Tafel
slope of 45 mV dec™! (Fig. 7d, e). After 30 h of polarization,
the potential increased by 0.42%, and the surface morphol-
ogy remained nearly constant after 60 h of catalytic activity
at 100 mA cm™2 (Fig. 7f, g).

The findings of Lu et al. establish the way for the crea-
tion of unique porous hybrid MOF nanostructures with
controlled shape and function for next-generation electro-
catalysts and possible applications in other technological
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Fig.6 a Schematic illumination of the electrodeposition of La sSr, sCoO;_,; b OER polarization curves of glassy carbon (GC), KB, and HPN-
LSC catalysts under the same measurement conditions. Reproduced with permission from Ref. [92]

paths. On this basis, Gao et al. [67], by electrochemically
polymerizing polyaniline nanowire arrays on carbon paper,
growing MOF-74-Co/Fe directly on its surface, and pyro-
lyzing it to form CoFe,0,/C loaded on nitrogen-doped car-
bon nanoarray materials, they created a highly active and
stable OER catalyst. Excellent OER activity is ensured
by the high specific surface area, high catalyst utilization,
increased electron transport capabilities, and conservation of
virgin carbon paper qualities (Fig. 8a). Following the elec-
trochemical activity test, it was discovered that it had the
lowest overpotential of 152 mV at 10 mA cm~2 (Fig. 8b) and
a Tafel slope of just 70 mV dec™! (Fig. 8c). Furthermore,
NC-CoFe,0,/C@CP has good mass transport properties,
as shown in Fig. 8d. Following an initial current density of
0.25 mA cm~2 and working for 21,600 s, the final current
density was 0.23 mA cm™2, representing an 8% decrease in
current density (Fig. 8e). This shows that the catalyst has
excellent stability. The OER process model and the Gibbs
free energy change of Co and Fe sites in the CoFe,0, struc-
ture on the (110) surface were also built (Fig. 8f), and the
Gibbs free energy change and DFT calculations revealed that
the main surface adsorbent of NC-CoFe,0,/C@CP is OH*,
and the surface Co atom is the main active site. Ling et al.
[68] used a hydrothermal process to create Fe,Ni-MIL-88B
MOF (Fe,Ni MOF/NF) on nickel foam, achieving a current
density of 10 mA cm™2 at a low overpotential of 222 mV and
a very small Tafel slope of 42.39 mV dec™!, with outstand-
ing stability after 50 h of continuous operation. In addition,
for OER, MOF hybridization techniques with secondary

conducting phases, such as supported substrate graphene
[108] and MXenes [69], have also been reported.

In addition to the previously mentioned enhanced specific
surface area and electron transport characteristics, ion dop-
ing modification is another successful technique for improv-
ing MOF catalysts. Li et al. [70] employed a self-templating
method to modify the Fe/Ni molar ratio, resulting in Fe/
Ni-based MOFs with high activity and stability that can
be directly used as efficient OER catalysts (Fig. 9a). The
OER activity and stability of the trimetallic Fe/Ni, ,/Mn 4-
MIL-53 built on the NF substrate were further improved.
At a low overpotential of 236 mV and a modest Tafel slope
of 52.2 mV dec™!, a current density of 20 mA cm~2 was
attained (Fig. 9b—d). The exceptional performance can be
attributed to the unusual structure and porosity, as well as
the synergistic impact of the combined metals. After 100
CV cycles, the electrochemical activity is almost unaltered,
indicating high stability (Fig. 9e).

Yuan et al. [71] used an OER catalyst based on the MOF
benzotriazole-5-carboxylate (Cos-btca) to create isomeric
bimetallic and trimetallic skeletons by doping with Fe/Ni
ions. At 10 mA cm™2, Co, 34Fe, 1oNij 45-btca had a mini-
mal overpotential of 292 mV and a modest Tafel slope of
72.6 mV dec™!. The outstanding catalytic activity is due
to the synergistic interaction of the unsaturated coordi-
nated Co, Fe, and Ni sites, which enhances OH adsorption.
Converting traditional bulk MOF crystals into two-dimen-
sional nanosheet structures is also incredibly beneficial for
improving the performance of OERs [72]. This is because
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«Fig.7 a Schematic illustration showing the one-step PANI-assisted
synthesis of bimetal-organic framework NRAs and their derived
porous CoFe,0,/C NRAs; b SEM, TEM, HRTEM, and SAED
images of MOF-74-Co/Fe NRAs (inset is the magnified MOF-74-Co/
Fe nanorod); ¢ XRD pattern of NF@NC-CoFe,0,/C NRAs; d LSV
curves, e Tafel plots, and f chronopotentiometry curves of NF@NC-
CoFe,0,/C NRAs, NF@NC-CoFe,0, powders, NF@NC-CoFe,0,/C
powders, and NF@NC-IrO, powders with the same mass loadings
of ~1.03 mg cm™2 in 1.0 M KOH solution at a current density of
10 mA cm™2 g LSV curves of NF@NC-CoFe,0,/C NRAs before
and after the 60-h durability test at 100 mA cm.™” (inset: SEM images
of the catalyst after the durability test). Reproduced with permission
from Ref. [66]

two-dimensional (2D) nanomaterials have a large percentage
of active atoms exposed to the working environment, ensur-
ing strong catalytic activity, while their nanoscale size ena-
bles quick mass and charge transfer [73, 109]. Notably, the
stability of MOFs during OER and the actual catalytic pro-
cess have received less attention and should be researched
further.

Metal nitrides for OER

One of these frontier possibilities might be employed as a
catalyst for the electrolysis generation of low-cost hydrogen
due to its capacity to execute oxygen evolution reactions at
relatively low overpotentials. Due to their noble metal-like
characteristics and metallic conductivity, as well as their
strong OER activity, metal nitrides have attracted much
interest as one of the most efficient frontier electrocatalysts
[110]. The density of states (DOS) of Co,N crosses the
Fermi energy level according to DFT calculations, indicat-
ing that Co,N exhibits metallic characteristics and resistive
features typical of metals (Fig. 10a) [74]. Typically, nanome-
tallic nitrides are prepared by heating metal oxide or hydrox-
ide precursors in a variety of nitrogen sources (such as NH;,
N,, NH,NH,, urea, and dicyandiamide) [111-113]. How-
ever, conventional nitriding takes a long period, and Zhang
et al. [111] employed N, RF plasma treatment to transform
cobalt oxide precursors into cobalt nitride nanowires. When
compared to the typical high-temperature NH; annealing
procedure, this approach takes approximately 1 min at room
temperature to obtain the nitride (several hours). The plasma
treatment not only significantly decreases the nitriding time
while increasing the surface roughness but also achieves a
current density of 10 mA cm~2 at a low overpotential of
290 mV, a tiny Tafel slope, and a high lifetime in alkaline
electrolytes.

Metal nitrides have a lower overpotential than oxides
and can be excellent OER catalysts. Elemental doping is a
useful method for improving catalyst stability and catalytic
performance, and Fe, Ni, Co, and Mo are low-cost metal
precursors that are widely utilized with catalysts. The form
of nanocatalysts also allows for additional improvement in

efficiency. Researchers have demonstrated that multinitrides
generated by altering the structure of nitrides, such as Ni-Mo
nitride nanorods, Ni-Co nitride nanosheets, Co-Fe nitride
nanowires, and Fe—Ni-Mo nitride nanotubes, have good
OER catalytic performance and stability [75-78].

In comparison to the other strategies discussed, the het-
erostructure engineering strategy appears to be the most
promising because of the accompanying interfacial effects
that contribute to improving electron transfer, optimizing
adsorption of key intermediates, and accelerating kinet-
ics caused by the modified electronic structure. Liu [79]
used a three-step technique to create 3D layered Cu;N@
CoNiCHs@CEF (Fig. 10b), beginning with the oxidation
of Cu foam, followed by nitriding treatment, and finally
a hydrothermal reaction. The Cu;N@CoNiCHs@CF pro-
duced by the approach has a uniform nanowire structure,
and the doping components are dispersed uniformly across
the heterostructure (Fig. 10c). The Cu;N@CoNiCHs @CF
electrode has good hydrophilic qualities for more effective
electrolyte and ion interactions, and it may minimize bub-
ble adhesion and expedite bubble detachment, which is use-
ful for preserving the electrode’s integrity and long-term
stability (Fig. 10d). According to the polarization curve in
Fig. 10e, Cu;N@CoNiCHs @CF requires a low overpoten-
tial of 155 mV during the OER to obtain a current density
of 10 mA cm™2, which is better than IrO,/CF (330 mV).
The Tafel charts of Fig. 10f show similar behavior, with the
Tafel slope of Cu;N@CoNiCHs@CF being 96 mV dec™!
with negligible voltage decay after 24 h of polarization at a
current density of 10 mA cm™2 (Fig. 10g).

Metal sulfides for OER

Among the many potential candidates, transition metal
sulfides (TMS), such as MoS,, CoS,, and NiS,, have
attracted much interest due to their promising electrocata-
lytic capabilities, but their restricted active sites and poor
stability make them severely limited in their applications
[80, 114, 115]. Ton modulation is a powerful technique for
improving the characteristics and stability of metal sulfides.
Metal hydroxysulfides, for example, are highly active,
persistent, and environmentally friendly, and the electro-
catalytic performance of p-hydroxysulfide catalysts can be
improved by introducing sulfur anions into metal hydroxides
to modulate the interaction between cations and anions via
moderate anions [116]. Wang [81] and colleagues’ anion-
conditioned NiFe hydroxysulfides were produced in situ
on 3D conductive nickel foam by 60-s electrodeposition of
NiFe layered double hydroxides. The resulting monoliths
(dubbed Ni, ¢gFeS, ,o(OH), () were made by immersing the
Ni, s;Fe(OH), ¢ precursors in a 2.0 m Na,S solution at 25 °C
for 1.0 h, during which the NiFe hydroxides were controlla-
bly converted to hydroxysulfides under very mild conditions,
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Fig.8 a XRD pattern (partially enlarged) of NC-CoFe,0,/C@CP;
b LSV curves of NC-CoFe,0,/C@CP (black), NC@CP (red), and
CoFe,0,/C (blue) (inset: overpotential histogram); ¢ Tafel plots
of NC-CoFe,0,/C@CP (black), NC@CP (red), and CoFe,0,/C
(blue); d EIS of NC-CoFe,0,/C@CP (black), NC@QCP (red), and

as shown schematically in Fig. 11a. These nanosheets were
vertically interconnected and self-assembled into 3D nano-
structures, facilitating electron transfer and high exposure
of active sites to the reactants, and the hexagonal lamellar
structure of the hydroxide was well preserved after the con-
trolled sulfidation process. Energy-dispersive spectroscopy
(EDS) mapping further illustrated the uniform distribu-
tion of sulfur on the hydroxysulfide nanosheets (Fig. 11b).
Furthermore, XPS spectroscopy shows that S synergizes
with Fe, Ni, and O and that the shape and crystalline phase
of NiFe hydroxides are effectively retained following the
room temperature sulfidation process. The OER activity of
Ni, gFeS, (o(OH), ¢ is even better than that of the Ir/C cata-
lyst, with a negative shift of more than 80 mV (Fig. 11c).
The overpotential required for 10 mA cm™2 was lowered
by 162 mV for OER. Furthermore, Ni, gFeS; ,((OH), ¢ had
a low Tafel slope of 53 mV dec™! (Fig. 11d), which was
slightly lower than that of Ir/C (56 mV dec™!) and demon-
strates Ni; gFeS; ;o(OH), ¢ as an efficient OER catalyst.

In subsequent research, the team exploited core—shell
heterostructures to improve the catalytic performance of
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CoFe,0,/C (blue); e chronoamperometric measurement in 1.0 M
KOH at 0.54 V (vs. Ag/AgCl). f The model of OER process on Co
sites in the structure of CoFe,O, with [114] orientation. The Gibbs

free energy change of each reaction step involved in the OER process.
Reproduced with permission from Ref. [67]
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nonprecious metals. For maximum performance, core—shell
heterostructures can provide robust mechanical features
that restrict the entire exposure of active areas with high
inherent reactivity and extrinsic physicochemical attributes.
An ethanol-modified surface vulcanization approach was
used to create nanosized CoNi hydroxide @hydroxysulfide
core—shell heterostructures. The developed hydroxide @
hydroxysulfide core-shells were shown to be a good OER
catalyst, with a minimal overpotential of 274.0 mV needed
for 10.0 mA cm™2, a low Tafel slope of 45.0 mV dec™!,
and long-term stability in 0.10 M KOH [117]. Defects in
bimetallic sulfide hybrids influence the electrical behavior
and, hence, the electrocatalytic characteristics. Lin and col-
leagues [80] developed and produced faulty heterogeneous
nanosheets with numerous electroactive sites directly on
conducting substrates for monolithic hydrolysis. Xue and
colleagues [118] initially developed NiTe nanoarrays on
NF using a hydrothermal approach and then used an ion-
exchange procedure to create NiTe/NiS heterojunctions. For
nonhomogeneous electrocatalytic processes, the catalytic
performance of the electrocatalyst is mostly determined by
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the interfacial characteristics of the material. A great catalyst
should have a reaction intermediate adsorption energy on
the material surface that is neither too strong nor too weak
[119]. As a result, optimizing intermediates in the inter-
face engineering strategy to increase adsorption behavior
on the material surface is critical to improving catalytic
performance.

Metal hydroxides/oxyhydroxides for OER

Metal hydroxides are considered a member of the large
family of two-dimensional (2D) materials, and nanostruc-
tured layered double hydroxides (nLDHs) have made sig-
nificant processes and continuous breakthroughs for OER
electrocatalysis in recent years due to their high catalytic
activity, high active specific surface area, and high stability
[120-123]. However, like with metal oxides, there is the
issue of relatively low electrical conductivity. To address
this issue, researchers typically place it on a conductive
substrate, which not only enhances conductivity but also

gives more catalytic sites [124—126]. NiFe LDH is consid-
ered a benchmark for OER in alkaline media. As a result,
researchers considered loading it with other highly conduc-
tive substrates. Yuan et al. [127] successfully constructed
graded core—shell NiCo2S4@CoNi-LDH nanoarrays with
excellent oxygen precipitation reaction (OER) electrocata-
lytic activity grown on carbon cloth (CC) by a three-step
hydrothermal strategy. Wang and colleagues [128] employed
electrodeposition to deposit Ni-Fe hydroxyl oxide catalysts
on carbon paper. Daniel and colleagues [129] employed an
electron beam evaporator to create (Ni,Fe)OOH catalysts
by metal deposition of Ti and Au on a substrate. Lu and
colleagues [82] electrodeposited layered structured three-
dimensional (3D) oxygen electrodes with exceptionally high
specific surface area, conductivity, and integrity on nickel
foam amorphous mesoporous nickel hydroxide (NiFe)
nanosheets. Tang et al. [83] spatially confined growth of
nano-sized NiFe LDHs into a 3D graphene framework via
defect-anchored nucleation, which was shown to outper-
form commercial Ir/C catalysts. Zhang and colleagues [130]

@ Springer



lonics (2023) 29:9-32

Brinch

Y 01500
(0aK)

-

{nn

CulOH),&CF

CuNaCF

Cu,NaCoNiCHsa CF

Hm “m

f g
0.5
140-_5:(0") CF Ao "~ N
‘ o ~ 0.4- oV 0% e 30+
1201 conicHsacF z W A ¢
& 100+ Cu,N@CF = 0.3 -t YL a 20
g 801 Cu,N@CoNiCHs@CF ‘ § 02 Wt 5 104— ——
> e IFO/CF /| 8 < o
E 601 §- 0.1 '6 mV/dec E
~ ° N 96m S ~
™ 404 3 2 o "~-101
204 10 mA cm?? 001. CoNiCHs@CF + CuNaCF <20
0 s -0.14* CuN@CoNiCHs@CF « IrO/CF 38
.2 13 14 15 16 1.7 18 0.0 0.5 1.0 1.5 0 6 12 24
Potential (V vs. RHE) log |f (mA cm?))| Time (h)

Fig. 10 a Calculated density of states (DOS) for Co,N product. Inset:
corresponding crystal structure of Co,N product with dominant Co—
Co metallic bonds and temperature-dependent electrical resistance of
Co,N product; b schematic illustration for the synthesis of Cu;N@
CoNiCHs@CF; ¢ SEM, TEM, HRTEM, SAED, and STEM images

initially hydrothermally produced NiCo hydroxide nanow-
ires on NF with a porous 3D structure to be employed as
current collectors in a three-step hydrothermal technique
to increase the OER performance of NiFe LDH materials.
These NiCo hydroxide nanowires were then phosphorylated
to produce NiCoP nanowires. Finally, an additional hydro-
thermal reaction was used to generate NiFe LDH nanosheets
on top of these NiCoP nanowires, as illustrated schemati-
cally in Fig. 12a, c, and d. The crystal changes of the elec-
trode-posited Co species were confirmed after calcination
treatment (Fig. 12b). At a current density of 10 mA cm™2,
the electrode had a low overpotential of 220 mV compared
to 240, 250, and 330 mV for NiFe LDH/NF, NiCoP/NF, and
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of Cu;N@CoNiCHs and its elemental mapping images, overlay map-
ping of Cu, Co, and Ni elements; d wettability test of CF and Cu;N
@CoNiCHs@CF electrode; e polarization curves; f corresponding
Tafel plots; g chronoamperometry curve of Cu;N@CoNiCHs@CF
for OER. Reproduced with permission from Ref. [74, 79]

bare NF, respectively. In addition, the electrode has a mini-
mum Tafel slope of 48.6 mV dec™! (Fig. 12f), showing that
NiFe LDH@NiCoP/NF has quicker OER kinetics. A long-
term chronopotentiometry experiment at a current density
of 10 mA cm~2 for 100 h was performed to examine the sta-
bility of the NiFe LDH@NiCoP/NF electrode for the OER
(Fig. 12g). It is worth researching why in situ hydroxides
have higher OER activity than directly manufactured cata-
lysts, and the cause of the discrepancy should be researched
further. In addition, it is important to understand how the
exposed surface of LDH affects its electrocatalytic activ-
ity. Zhang et al. [131] elucidate the active edge surfaces of
LDHs for OER by combining molecular probe methods and
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Fig. 11 a Illustration of the fabrication of the Ni;¢FeS; 1o(OH),¢
hydroxysulfide monolith; b morphology and structural characteriza-
tion of Ni, oFeS, jo(OH), 4 SEM images, TEM images, and EDS map-

fine control of computationally computed edge-to-surface
ratios. It provides guidance for us to understand the impact
of LDH exposure on OER.

High-entropy materials for OER

Cantor et al. and Yeh et al. developed the notion of high-
entropy alloys (HEAs) in 2004. HEAs are multi-principal
alloys having at least five elements with atomic concentra-
tions ranging from 5 to 35% of each element [132-134] or
characterized in terms of mixed entropy. HEAs offer out-
standing mechanical qualities (high hardness, high thermal
stability, wear resistance, fracture resistance, and exceptional
high elongation) [135, 136]. Because of HEAs’ high compo-
sitional tunability, the composition may be altered to some
extent on the electrical and geometrical structure, allowing
HEAs to demonstrate outstanding catalytic characteristics in
the field of electrocatalysis as well. Furthermore, the high
number of atomic arrangements on the catalytic surface of
HEAs can provide a diversity of surface locations relevant
to the adsorption, activation, and conversion of reactants
and associated intermediates, enhancing electrocatalytic
activity. HEA has strong structural stability due to its high

Potential vs. RHE

Log J (mA cm?)

ping; ¢ OER LSV plots; d OER Tafel plots. Reproduced with permis-
sion from Ref. [81]

entropic stability, which helps increase electrocatalytic sta-
bility [137].

To the best of our knowledge, a large number of studies
have indicated that NiFe, CoFe, and NiCoFe-based mate-
rials are the best non-noble metal OER electrocatalysts
reported in the past few years[138]. Cui et al. [139] dis-
covered experimentally that FeNiMnCrCu HEA has greater
OER performance than FeCoNiCrAl HEA in order to dem-
onstrate that elemental manipulation may increase the OER
ability of HEAs. When the crystal structures of the two were
compared, it was discovered that higher radii of Cu and Mn
rather than Al and Co permitted the mixing of FCC and BCC
phases, resulting in more residual strain. Cu had the ability
to eliminate d vacancies, but Mn had a strong attraction for
O atoms. Furthermore, a sufficient number of d vacancies
can efficiently speed electron transport, matching lattice
spacing aids reactant absorption and product desorption,
and significant residual strain aids in activating OER at low
overpotential. This implies that modifying the composition
of HEAs can be employed for electrocatalytic applications.
In recent years, Qiu et al. [140] produced a variety of nano-
porous HEAs materials using FeCoNi as the starting mate-
rial and investigated the effect of elemental composition
modification on electrochemical characteristics by varying
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Fig. 12 a Schematic representation of the synthesis of 3D hierarchi-
cal NiFe LDH@NiCoP/NF electrodes; b XRD spectra of the bare
NF, NiCoP/NF, NiFe LDH@NiCoP/NF, and NiFe LDH/NF; ¢ SEM
image of the as-synthesized NiCoP/NF nanowires, where the inset
shows a high-resolution image of the NiCoP nanowires; d SEM
image of the as-synthesized NiFe LDH@NiCoP/NF nanowires,

the fourth and fifth elements compositions. Electrochemi-
cal experiments revealed that FeCoNiFeMo HEAs had the
highest OER activity. At a current density of 10 mA cm™
and a Tafel slope of 46 mV dec™!, the oxygen precipitation
overpotential was only 240 mV. (Fig. 13a, b). After 50 h of
polarization testing, the surface morphology of the HEAs
remained unchanged (Fig. 13c). HRTEM and STEM-EDS
analyses indicated that the elemental distribution of the
HEAs remained constant after 50 h of polarization, and a
thin coating developed on the HEAs surface due to natu-
ral oxidation (Fig. 13d). This occurrence suggests that the
OER active site is an in situ rebuilt oxide layer on the sur-
face of the HEAs (under electrochemical circumstances),
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where the inset shows a high-resolution image of the NiFe LDH@
NiCoP nanowires; e OER LSV plots; f OER Tafel plots; g long-term
stability test of the NiFe LDH@NiCoP/NF for the OER carried out at
a constant current density of 10 mA cm.™2. Reproduced with permis-
sion from Ref. [130]

rather than the HEAs’ original surface. During the same
time period, Dai et al. [141] produced MnFeCoNi HEA
through mechanical alloying and activated MnFeCoNi HEA
using electrochemical cyclic voltammetry scanning (CV).
Composite MOx (M =Mn, Fe, Co, and Ni) nanosheets were
formed on the surface of MnFeCoNi HEA particles to form
a core—shell structure, which dramatically increased surface
area and active sites, resulting in significantly improved
OER activity. The MnFeCoNi HEA working electrode
obtained an overpotential of 302 mV with CV activation at
a current density of 10 mA c¢cm™ and a Tafel slope of just
83.7 mV dec™!. The findings of their study are consistent
with those of Qiu et al. This also presents research ideas for
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Fig.13 a LSV curves showing the oxygen evolutions on the np-
HEAs, np-AlNiCoFe. b The corresponding Tafel curves. ¢ The inset
is the SEM image after 50 h of testing. 1.0 M KOH solution was used
for all these tests. d STEM-EDS mapping and the np-AINiCoFeMo

future investigations, which are no longer confined to HEAs
for catalysis but may also use high entropy oxides (HEOs)
for OER catalysis [142]. Ding et al. created a core—shell
nanostructure comprising amorphous HEO ultrathin films
for highly reactive OER in a subsequent work [143].
Although high-entropy alloys offer significant benefits in
the field of OER, most experimental research are still in the
trial-and-error stage, making it difficult to investigate the
controlled synthesis of multiple elements. With the emer-
gence of analog computing, it gives assistance in the field
of OER for the controlled synthesis of high-entropy alloys
[137]. Yao et al. [144] report the computationally aided,
entropy-driven design and synthesis of highly efficient and
durable catalyst MEA-NPs. The computational strategy
includes prescreening of millions of compositions, predic-
tion of alloy formation by density functional theory calcu-
lations, and examination of structural stability by a hybrid
Monte Carlo and molecular dynamics method. Zhang et al.
[145] used density functional theory (DFT) to estimate
catalytic performance by developing reaction models, and
their results broadened the notion of high entropy alloys.

D44 MNiFe Oy

g
-

sample after 50 h of testing. The results show no obvious morphology
or crystal structure changes after the testing. The five metal elements
distribute uniformly in the np-HEA/HEO. Reproduced with permis-
sion from Ref. [140]

The schematic depiction of the adsorption geometries asso-
ciated to the intermediates with the elemental components
is shown in Fig. 14a. The theoretical calculation (Fig. 14b)
indicated the rate determining step to be the transition from
adsorbed OH (OH*) to adsorbed O (O*) based on the reac-
tion free energies. As a result, a unique low-temperature
electrochemical reconstruction approach is used to create
innovative high-entropy Co—Cu-Fe-Mo (oxy)hydroxide
electrocatalysts (Fig. 14c). These as-prepared quaternary
metallic (oxy)hydroxides exhibit significantly better OER
performance than ternary Co—Cu—Mo (oxy)hydroxide,
Co—Fe—Mo (oxy)hydroxide, and other counterparts, with
a low overpotential of 199 mV at a current density of
10 mA cm™2 and a 48.8 mV dec™! Tafel slope in 1 M KOH
and excellent stability without decay over 72 h.

However, the research of HEM-based electrocatalysts is
in the early stage, and there still exist many limitations that
require breakthroughs. The controlled synthesis of high-
entropy materials, as well as the link between structure
and catalytic performance, is a pressing issue that must be
addressed.
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Fig. 14 a Adsorption geometries of the intermediates with constitute
elements of H (white), O (red), Co (blue), Cu (orange), Fe (green),
and Mo (gray). b The free energy landscape at 0 V. ¢ Schematic illus-

Conclusions and outlook

This paper summarizes the possible uses of several kinds of
noble metal-free active materials for electrochemical water
oxidation in alkaline environments, including nonprecious
metal oxidizing materials, MOF-derived carbon-based
materials, material nitrides, material sulfides, and metal
hydroxides. The rational design and synthesis (chemical
doping; defects (vacancies); phase, facet, and structure) of
these electrocatalytic materials can profoundly enhance their
OER efficiency. In particular, the construction of heterojunc-
tion nanostructures and the connection of active materials
with carbon nanocarriers can considerably improve catalytic
performance. This is because most electrocatalysts undergo
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tration of the synthesis of CoCuFeMoOOH®@Cu. d LSV curves. e
Tafel plots. f LSV curves of CoCuFeMoOOH@Cu before and after
72 h of testing. Reproduced with permission from Ref. [145]

surface phase transitions during in situ electrochemical
oxidation during the electrolytic OER of water, providing
them with new active sites and labelable catalytic activity.
Furthermore, the present research development of new non-
precious metal high-entropy materials in the field of OER
is discussed.

Although remarkable milestones have been achieved in
the development of electrocatalysts for alkaline environ-
ments, some issues still require further investigation. (1)
Catalytic activity of catalysts is primarily determined by
their own electronic structure or by increasing active sites
by designing and preparing nanostructures to increase the
specific surface area. However, the structure and phases
of catalysts vary dynamically during the reaction process,
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and the mechanism of their OER is unclear. It appears that
investigating efficient and low-cost synthetic approaches
and verifying the real number of active sites in the water
electrolysis OER process is critical. The structure—activ-
ity—stability relationship on the surface of the catalyst
is revealed by theoretical calculations combined with
advanced in situ analysis techniques, and the dynamic evo-
lution law of electrocatalytic active species on the surface
of the catalyst is revealed, which is useful for the pre-
diction and synthesis of catalysts with excellent catalytic
performance. (2) Our capacity to understand the reaction
mechanism is currently constrained by the operational/in
situ characterization that dominates current research find-
ings. It is highly desirable to combine several effective
operational/in situ approaches to enable future advance-
ment of the existing catalysts into advanced catalysts. (3)
Many catalysts have been explored, but only a handful
have been employed on a wide basis commercially. In
the case of large-scale commercial applications, not only
material attributes (activity, lifespan, mechanical strength,
etc.) but also other factors of the production process must
be taken into account, the most significant of which is
the material synthesis. Although excellent binders can be
found to overcome the durability for industrial applica-
tions, the majority of catalysts now available are powder
based. Therefore, the development of sophisticated self-
supporting electrocatalysts with adequate performance
requires the use of novel, straightforward synthetic tech-
niques. Water/solvothermal reactions, galvanic displace-
ment reactions, electrochemical deposition, and fast pyrol-
ysis methods (particularly for high-entropy materials) have
all been demonstrated to be effective strategies for control-
ling the synthesis of catalytic materials with well-struc-
tured and reactive interfaces. These techniques allow for
in situ growth of the active phase on the carrier, resulting
in strong interactions and superior electrical conductivity,
and they merit further research for the production of target
catalytic materials based on carefully planned and man-
aged synthesis. Furthermore, standard assessment criteria
for OER catalysts in alkaline settings are required.

Inspiring and opportunities come with challenges. The
development of low-cost nonprecious metal electrocata-
lysts for large-scale electrolytic water applications under
alkaline conditions is expected to be facilitated by a better
understanding of the reaction mechanism and the research
of the structures and compositions required for material
synthesis.
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